tially folded LCs. The wild-type BiP was released from the incompletely folded LCs, allowing them to fold and be secreted, whereas the mutant BiP was not released. As a result, the LCs that were bound to BiP mutants were unable to undergo complete disulfide bond formation and were retained in the ER. Our experiments suggest that LCs undergo both BiP-dependent and BiP-independent folding steps, demonstrating that both ATP binding and hydrolysis activities of BiP are essential for the completion ofLC folding in vivo and reveal that BiP must release before disulfide bond formation can occur in that domain. Nascent proteins that enter the endoplasmic reticulum (ER) must fold and assemble into multimeric complexes in an oxidizing milieu that contains millimolar concentrations of protein and calcium (1) . In the past decade, proteins that interact transiently with incompletely folded and assembled proteins have been identified and characterized. Some of these associated proteins are enzymes responsible for glycosylation, disulfide bond formation, and isomerization of peptide bonds (1) . Others, termed "molecular chaperones," appear to stabilize protein folding intermediates and are thought to prevent incorrect interactions between protein domains or promote correct ones (1, 2) . The hsp70 family of proteins are the most abundant and best characterized of the molecular chaperones. They are present in all cellular organelles and in all organisms.
BiP is identical to a 78-kDa glucose-regulated protein, grp78 (3) (4) (5) and is the ER member of the hsp70 family. The evidence for the role of BiP in protein folding is largely circumstantial. It was first identified stably and noncovalently associated with the unassembled, nontransported Ig heavy chains in Abelson virus transformed pre-B cell lines (6) . BiP also associates transiently with nascent proteins that are often unassembled and may be incompletely folded (7) (8) (9) (10) . BiP also binds more stably to mutants proteins that are in many cases thought to be incorrectly folded (11, 12) . Peptides containing hydrophobic amino acids are the most effective stimulators of BiP's ATPase activity (13) . Affinity screening of two peptide display libraries revealed that BiP preferentially binds peptides containing hydrophobic amino acids in every other position, which would place them on a single side of an extended polypeptide chain (14) . Together, these studies are consistent with the possibility that BiP binds to hydrophobic stretches on nascent or unassembled polypeptides that would become inaccessible after folding and assembly are complete.
In vitro folding studies with dnaK (15) , the bacterial hsp70 homologue, and human hsp7O (16) All hsp7O proteins bind and hydrolyze ATP, and ATP is required for the in vitro folding of proteins by dnaK (15) and hsp70 (16) . This folding is thought to occur through ATPdriven cycles of binding and release from substrate proteins. BiP, like other family members, can be released from target proteins in vitro with ATP (3, 18) . Recent experiments have established that ATP binding, but not hydrolysis, is required for the in vitro release of dnaK and hsp70 from proteins (19, 20) . It has been hypothesized that protein folding occurs during the release phase of hsp7O binding. If folding does not occur, hsp7O would rebind and prevent aggregation of the protein. Another cycle of ATP-mediated release would provide another opportunity for folding. However, direct data for cycles of BiP binding and release or for BiP release to occur before protein can fold have not been obtained.
To investigate the role of BiP in the in vivo folding of proteins, we have examined its interactions with murine immunoglobulin lambda light chains (A LCs). In vivo, newly synthesized LCs interact transiently with several molecular chaperones, including BiP and GRP94 (6, 21, 22 (20) . All of these mutants are able to bind substrate proteins in vivo (23, 24) and in vitro (20, 23) , but the ATP binding and conformational change mutants are unable to release bound proteins in vitro when ATP is added to isolated BiP-protein complexes (20, 23) . The (20, 23) . The T229G mutant is defective in ATP hydrolysis, the T37G mutant is unable to undergo an ATP-induced conformational change, and the G227D mutant does not bind ATP (20 
RESULTS

Effects of BiP Mutant Expression on the Secretion of A LCs.
To assess the role of BiP in protein folding in vivo, we characterized its interactions with murine A LCs. Wild-type or mutant BiP was expressed in COS monkey fibroblasts along with either wild-type LCs or a nonsecreted LC point mutant, DK82. The wild-type LCs were not readily detected in association with wild-type BiP in coimmunoprecipitation experiments and were secreted into the culture medium (Fig. 1A) . However, when we coexpressed wild-type LCs with two different BiP ATPase mutants (T229G or T37G), a significant proportion of the LCs were coprecipitated with the BiP mutants and fewer LCs were secreted relative to the control cultures (Fig. 1A) . Because endogenous wild-type BiP is also present in the cells transfected with BiP mutants, we propose that the inhibition of LC secretion must be due to BiP mutants competing with endogenous BiP for the LC and acting as "chaperone traps" that capture and retain their targets.
When the LC mutant DK82 was similarly analyzed, readily detectable amounts of wild-type BiP coprecipitated with the LCs (Fig. 1B) due to the mutation in the VL domain. Expression of DK82 with mutant BiP resulted in a further increase in the amount of BiP coprecipitating with the LCs (Fig. 1B) (28) . In vitro, each domain is able to fold autonomously (29, 30) . COS cell transfectants were metabolically labeled in the presence of DTT to prevent disulfide bond formation in newly synthesized LCs, and then chased in the absence of DTT. In vivo DTT treatment is fully reversible and has been used to investigate folding intermediates of several proteins (26, 31) including LCs (32) . Importantly, DTT should have no effect on BiP, because it contains no disulfide bonds. Wild-type LCs were completely reduced upon DTT treatment (Fo, Fig. 24 , time = 0), and when DTT was removed from cells coexpressing wild-type BiP, the LCs completely oxidized within 1 h (Fox, Fig. 2A ). However, in cells coexpressing the BiP mutants (only T37G is shown), only half of the LCs became fully oxidized, while the other half folded to a form with an intermediate mobility (F1, Fig. 2A , time = 1). Interestingly, there was no evidence that mutant BiP expression inhibited the conversion of the fully reduced form of LC to the partially oxidized form, demonstrating that one domain could fold and undergo disulfide bond formation independent of BiP.
We similarly examined the DK82 mutant and found that even in the presence of wild-type BiP only a minor fraction of these LCs reached the Fox form after 1 h (Fig. 2A) (Fig. 2C ), but the F1 form remained stable throughout the 1-h chase (Fig. 2 B and C of the completely reduced LC to the F1 form, but does inhibit the folding of F1 to Fox.
Examination of the Folding Status of BiP-Bound LCs. To determine which LC folding intermediates bind BiP, we used the DTT washout protocol to examine the oxidation state of those LCs that coprecipitated with wild-type or mutant BiP. In biosynthetic labeling experiments, we found that wild-type BiP bound to the Fo form of LC in a nearly stoichiometric manner, but failed to bind the Fox form that is present after a 1-h chase (Fig. 3A) . It was difficult to assess binding of wild-type BiP to the F1 form since there was so little of it present at the 1-h chase. When the same experiments were done on the LCs expressed with mutant BiP, we found that mutant BiP bound to the Fo form of LC at t = 0. After a 1-h chase about half of the LCs were partially oxidized and the other half were completely oxidized, which is consistent with the previous data. However, mutant BiP was only detected with the F1 form of LC and not with the Fox form (Fig. 3A) .
In an attempt to detect more LCs in the F1 form when they are expressed with wild-type BiP, we performed a similar experiment on unlabeled cell lysates and detected LC by Western blot analyses. COS cells expressing LCs alone, or LCs with either wild-type or mutant BiP, were examined. The LC expressed alone folded completely during the 1-h chase and could not be precipitated with antibodies to BiP (Fig. 3B) . The majority of the LCs expressed with wild-type hamster BiP folded completely, but a small amount of LC are still present in the F1 form which can be precipitated with antibodies to BiP (Fig. 3B) (Fig. 3A) , there is no evidence that this binding has any effect on the oxidation of one of the LC domains. It appears that the wild-type A LC turn over faster in the presence of mutant BiP (Figs. 2 and 3) . The DK82 LC have a shorter half-life than their wild-type counterparts, but it is not further shortened in the presence of mutant BiP. Together, these data suggest that the unfolded LC are better substrates for degradation.
Requirements for ATP Hydrolysis in the in Vivo Folding and Secretion of LCs. The in vitro release of dnaK and hsc70 from substrate proteins requires ATP binding but not ATP hydrolysis (19) . Recently, using our BiP ATPase mutants, we confirmed this finding and extended it by demonstrating that ATP binding followed by an ATP-induced conformational change in BiP is sufficient for protein release in vitro, and that ATP hydrolysis is not necessary (20) . We next examined the effect of the three classes of BiP mutants on LC folding and secretion. COS cells were transfected with wild-type A LC alone or together with wild-type BiP, G227D (ATP binding mutant), T37G (ATP-induced conformational change mutant), or T229G (ATP hydrolysis mutant). Forty hours posttransfection, DTT washout experiments were performed, and LC folding status was determined by western blotting. All three classes of mutants retarded the complete folding of LCs equally, and only fully oxidized LC were secreted (Fig. 4) . Evidently, the stable binding of BiP mutants to the F1 form of LC prevented its secretion (Fig. 4) , which explains the secretion block data presented in Fig. 1A .
DISCUSSION
LCs can usually be secreted without Ig heavy chains. Thus, unlike its effect on free heavy chains (7, 35) , BiP does not block the secretion of free LCs. However, the ectopic expression of BiP ATPase mutants resulted in prolonged binding of LCs to the mutant BiP and an inhibition of LC secretion. By investigating the status of proteins bound to wild-type and mutant BiP, it was possible to better understand the role of BiP in protein folding. First, we observed that both wild-type and mutant BiP bound only to the unoxidized or partially oxidized forms of LCs, but that even with the BiP mutants, there was (8) (9) (10) 36) . In a recent study, Knittler et al. (10) 
